Abstract-A
INTRODUCTION
High latitude regions producing intermediate and deep water masses absorb more atmospheric COZ, because of active gas exchange in the winter due to a rough sea surface and high COZ solubility at low temperature and high biological productivity in the summer.
In the North Pacific, North Pacific Intermediate Water (NPIW) plays an important role in the absorption of atmospheric excess CO2 because it transports CO* to the ocean's interior (Tsunogai et al., 1993) . In this paper, we focus on chemical tracers, such as chlorofluorocarbons (CFCs), to study the behavior of NPIW during the last five decades.
NPIW is characterized by a salinity minimum on the density horizon 26.8 crs and usually extends southward to 10"N in the North Pacific, with its source mainly in the north-western North Pacific north of 40"N (Reid, 1965; Talley, 1988 Talley, , 1991 . The water mass flows clockwise, first eastward north of about 40"N, then equatorward near the eastern boundary, and then westward near the equator (Reid, 1965; Fine et al., 1981; Talley, 1988; Van Scoy et al., 1991) .
Studies to clarify the behavior of NPIW have been made using transient tracers. Based on tritium and radiocarbon of the 1973 -1974 program in the North Pacific, Fine et al. (1981) suggested that lateral mixing along isopycnal horizons was important in the subsurface ocean. By comparing the tritium data of the 1973-1974 GEOSECS with those of the 1985 Long Line Expedition, Van Scoy et al. (1991) estimated the residence time of NPIW in the subpolar region to be less than 14 years on the density horizon 26.8 os and, for deep water, greater than 20 years. Warner and Weiss (1985a) first determined the vertical distribution of CFCs along 47"N and 24"N in the North Pacific and suggested the apparent age of deeper NPIW in subpolar regions to be less than 25 years. Watanabe et ~2. (1994) used the section of CFCs between 48"N and 15'S along 175"E in the central North Pacific to determine the behavior of NPIW for the isopycnal horizons 26.4-27.4 crs. The apparent formation year of NPIW obtained from the CFC ratio was usually older southward and with increase of crs, and the oldest NPIW on all isopycnal horizons in the North Pacific was located near 10"N. Based on the apparent formation year of NPIW, they estimated the apparent transport time of NPIW the from the subpolar region to near 10"N to be about 30 years. They also suggested a residual ratio of NPIW near 10"N to that produced in the subpolar region to be about 0.5 (Watanabe et al., 1995) .
Although these studies give some information about the behavior of NPIW, they are insufficient to estimate the production rate of NPIW. Thus we measured CFCs in a section between the Japanese coast and the west coast of North America along 30"N and estimated the water column inventories of CFCs in the North Pacific. We combined the new CFC data with previous along 175"E to construct a box model for the North Pacific for the derivation of the production rate of NPIW during the last five decades.
CFCs are manufactured products and enter to the ocean by gas exchange. Since waters that have left the ocean surface and recently entered into the intermediate circulation contain significant amounts of CFCs due to the increasing atmospheric CFC levels with time after 1940, the inflow of intermediate water into an ocean basin during the last five decades has been marked by tongues of high levels of CFCs. This chemical tracer, therefore, would be useful estimating the production rate of a water mass.
DATA
In this study, we used CFC-11 (pmole kg-'), CFC-12 (pmole kg-'), salinity and potential temperature ("C) observed at 58 stations on a section from 133"E to 121"W along 30"N (WOCE-P2 cruise of the R/V Kuiyo Muru between January and February 1994) and 19 stations on a section along 175"E (Watanabe et al., 1994) (Fig. 1) .
In the 30"N section, samples for determination of CFCs were collected from 25 depths at each station with 10-l Niskin bottles equipped with stainless steel springs. The CFC concentrations in a 30 ml aliquot were measured using a shipboard gas chromatograph in an electron capture detector (Hitachi 263-30E) following classic procedures (Bullister and Weiss, 1988) . The precision of analysis of CFCs was usually &-0.01 pmole kg-' for replicate sea water samples with concentrations of 0.5 pmole kg-' or above in this study and the overall blank levels were 0.01 pmole kg -' for both CFC-11 and CFC-12. All the CFC levels were adjusted to the Scripps Institution of Oceanography (SIO) 1986 calibration scale based on the SIO intercalibarated gas cylinder.
RESULTS AND DISCUSSION

Water column inventories of CFCs in the North Pacific
In the North Pacific, the concentrations of CFCs usually decreased southward, eastward and with depth ( Fig. 2a, b) , with distribution patterns very similar in shape to tritium distribution patterns in the data set of the 1973-1974 GEOSECS (Ostlund et al., 1979) . From the high latitude region near 40"N to the south, high concentrations of CFCs penetrated to between 200 and 1000 m depth. Water containing 0.02 pmole kg-' of CFC-11 penetrated to below 1000 m in the North Pacific north of lOoN, but to only about 500 m near 1O"N. These distribution patterns of CFCs suggest that NPIW is produced primarily in the North Pacific north of 40"N. The major axis of flow of NPIW spreads clockwise eastward in the subpolar region, equatorward near the eastern boundary and upwelling near 10"N (Reid, 1965; Talley, 1988; Fine et al., 1981; Van Scoy et al., 1991; Watanabe et al., 1991 Watanabe et al., , 1994 .
We tried to estimated the total amounts of CFCs in all the North Pacific to clarify the behavior of NPIW and its production rate. We first obtained the water column inventories of CFCs at each station by integrating observed concentrations of CFCs from the surface to a depth having 0.01 pmole kg-' of CFCs (Table 1) .
We can use some interpolation methods to obtain water column inventories and total amount of CFCs in all the North Pacific based on observed water column inventories. We focused on salinity and potential temperature at some arbitrary depth above the deep water as a function of location and tried to find a relation between observed water column inventories of CFCs, salinity and potential temperature in the North Pacific.
In contrast with the North Atlantic and the Southern Oceans, the water masses containing CFCs in the North Pacific would consist simply of surface water and intermediate water. The origin of intermediate water containing most of the CFCs in the North Pacific would be only in the subpolar region (Fig. 2) . The spatial distributions of salinity and potential temperature above the deep water would confine the thickness of intermediate water containing most CFCs and the concentrations of CFCs. The large scale structure of salinity and potential temperature above the deep water is closely related to the water column inventories of CFCs in the North Pacific. Therefore, a relation between water column inventories of CFCs, salinity and potential temperature above the deep water in the North Pacific would allow us to predict water column inventories approximately for all the North Pacific. ?? , ** All the concnetrations of CFCs were corrected to those in situ.
?? ** Averaged values of mean penetration depths are 531 k 175m and 553 f 1891x1 for CFC-I I and CFC-12, respectively.
We focused on salinity and potential temperature at penetration depths of CFCs. We expressed the extent of penetration of CFCs in the North Pacific as mean penetration depths of CFCs. The mean penetration depth is defined by the following equation:
where MPD, lobs and C,,, are, respectively, the mean penetration depth of CFC (m), the water column inventory of CFC at each station (nmole rnh2) and the maximum concentration of CFC at each station (nmole mw3). The mean penetration depth is that depth to which the observed maximum CFC concentration has to be extended to achieve a water column inventory equal to the one observed.
In this study, the averaged values of mean penetration depths of CFCs were, respectively, 531+ 175 m and 553 f 189 m for CFC-11 and CFC-12 (Table 1) , which suggests most CFC water column inventories in the North Pacific to be above 500 m depth. Therefore, salinity and potential temperature at 500 m depth would allow us to predict water column inventories of CFCs approximately in all the North Pacific. We tried to get relations between all the observed water column inventories of CFCs, salinity and potential temperature at 500 m depth by applying a multiple regression equation, as follows: Z,,, =a . S&o, + b . T&oj + c . $oo)
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where Zpre is the predicted water column inventory of CFC (nmole m-*). S and T are, respectively, salinity and potential temperature ("C) at 500 m depth. The letters a, b, c, d, e, f, g, h, i andj are, constants. The relations between water column inventories of CFCs observed and those predicted from observed salinity and potential temperature at 500 m depth at each station are shown in Fig. 3 and Table 2 . The regression coefficients between observed water column inventories of CFCs and predicted ones were, 0.95 and 0.93, and the deviations of water column inventories were ) 157 nmole m-* and & 98 nmole m-* for CFC-11 and CFC-12. We thus can estimate water column inventory distributions of CFCs in all the North Pacific by introducing salinity and potential temperature data at 500 m depth into our empirical equations, although the deviations except on our sampling lines, may be actually more than the above values. Levitus (1982) gave mean spatial distributions of salinity and potential temperature on a 1 o x lo grid in the North Pacific. By applying his annual mean salinity and potential temperature data at 500 m depth to equation (2), water column inventory distributions of CFC-11 and CFC-12 and their deviations were estimated in the North Pacific (Fig. 4a, b) .
The water column inventories of CFCs usually decreased southward and eastward. Although they were almost homogeneous north of 40"N, maxima were found in the north- western region. South of 40"N, the maxima in water column inventories of CFCs spread broadly into the western region near 30"N, where distribution patterns were consistent with previous CFC data along 47"N, 24"N, 165"E and 17o"W in the North Pacific (Warner and Weiss, 1985a; Warner et al., 1996) . These distributions suggest that NPIW is produced mainly in the subpolar region and CFCs in NPIW are accumulated in the subtropical region. Based on the predicted water column inventories and the deviations in Fig. 4a, b , total amounts of CFC-11 and CFC-12 in the North Pacific were estimated to be 7.92 + 1.17 ( x lo7 moles) and 4.55 10.73 ( x lo7 moles), respectively.
The production rate of intermediate water in the North Pacific
To estimate the production rate of NPIW approximately, we used a four-box model, where the North Pacific was divided into a deep reservoir, an intermediate reservoir and two surface reservoirs, cold and warm. The source area of NPIW is not well known although it is mainly in the north-western North Pacific north of40"N (Reid, 1965; Talley, 1988,199l) . By assuming NPIW to be produced north of 40"N based on the water column inventories of CFCs in Fig. 4 , the surface reservoir was divided into cold and warm at 40"N between subpolar and subtropical regions, and these layers are above 75 m depth, representing the mean mixed layer in the North Pacific. Based on Fine et al. (198 l) , Van Scoy et al. (1991) and Watanabe et al. (I 994) , the lower limit of the salinity minimum characterizing NPIW is on 27.4 oe approximately. The intermediate reservoir is thus defined between 75 m and 27.4 oe or 1000 m, whichever is shallower. The water mass within the intermediate reservoir is assumed to be produced by the penetration of cold surface water with averaged values of salinity and water temperature north of 40"N. The deep reservoir is the remaining water where CFC still penetrated to below 1000 m. We ignored diffusion because we believe advection should dominate the movement of NPIW and diffusion terms are not well known. The CFC budgets are illustrated in Fig. 5 . The time changes of water column inventories of CFCs in the cold surface, the warm surface, the intermediate and the deep reservoirs are expressed by the following four equations: Fig. 4 (opposite). Predicted water column inventory distributions of CFC-11 and CFC-12 in the North Pacific (nmole m-3. They were obtained by introducing salinity and potential temperature data at 500 m depth of Levitus (1982) into equation (2). These total amounts and deviations in all the North Pacific were estimated to be 7.92 + 1.17 (x lo'moles) for CFC-11 and 4.55kO.73 (x 10' moles) for CFC-12 based on the deviations of water column inventories of CFCs in our empirical equations. It is possible that the errors of total amount are more than the above values because the deviations of water column inventories except on our sampling lines, may be more than our values ( + 157 nmole mm2 for CFC-1 I and + 98 nmole m-* for CFC-12). Shown by dash lines are our sampling locations. (b) Error distributions of the predicted water column inventories of CFC-11 and CFC-12 in the North Pacific (%). They were estimated by dividing the deviation of our regression analysis ( f 157 nmole mm2 for CFC-11 and f 98 nmole mm2 for CFC-12) by the predicted water column inventories of CFCs at each location. It is possible that the actual errors are more than predicted ones because the deviations of water column inventories, except on our sampling lines, may be more than our values. Shown by dash lines are our sampling locations, 
where C and Q are, respectively, the concentration of CFC (mole rnm3) and the production rate of NPIW (m3 year-'); V and S are, respectively, the volume of a reservoir (m3) and the surface area (m*); k andfare, respectively, the exchange coefficient of CFC (m year-') and the atmospheric partial pressure of CFC (atm); and CL and I3 are, respectively, the solubility of CFC (mole me3 atm-') and the saturation ratio of CFC content in water to the atmospheric CFC concentration. The subscripts, w, c, i and d refer to the warm surface, the cold surface, the intermediate and the deep reservoirs, respectively. , -.--F:-: 1930 1940 1950 1960 1970 1980 1990 2000 Year (A.D.) Fig. 6 . Temporal changes of in the northern hemispheric atmosphere based on Doney and Bullister (1992) . Shown by solid and dash lines are the atmospheric concentrations of CFC-I 1 and CFC-12, respectively.
The input functions of CFCs from the atmosphere to the surface reservoirs,f, were based on the atmospheric CFC concentrations in the Northern Hemisphere estimated by Doney and Bullister (1992) (Fig. 6) .
We also assumed the total amounts of CFCs in the North Pacific in 1993 to be the values in the above section: 7.92 &-1.17 ( x 1O'moles) and 4.55 f 0.73 ( x 1O'moles) for CFC-11 and CFC-12, respectively. The total amounts of CFCs in the North Pacific can be given by ZC(l) = VW&(,) + vcCc(t) + v Ci(t) + vd cd(t)
where ZC is the total amount of CFC in the North Pacific (mole) and t is time.
Although the production rate of NPIW (Q) and the exchange coefficient of CFC (k) are unknown, we obtain get k as a function of Q. By introducing values shown in Table 3 into a Mean values at 75 m depth north of 4O"N calculated from Levitus' annual mean data (1982) .
b Mean values at 75 m depth between 40"N and the equator calculated from Levitus' annual mean data (1982) . ' Solubilities of CFCs calculated by applying mean values of salinity and potential temperature into the solubility equations (Warner and Weiss, 1985b) .
d Watanabe er al. (1994) . 'Surface areas having a depth deeper than 500 m. equations (3k (7) with Fig. 6 , and by matching calculated total amounts of CFCs in the North Pacific in 1993 with observed ones, relations between Q and k were obtained as shown in Fig. 7 . Since the difference between the relation calculated from CFC-11 and that from CFC-12 is not significant due to errors of about 15% in water column inventories, we also showed an averaged value calculated from CFC-11 and CFC-12. k is inversely proportional to Q and very sensitive to Q near 8 x 1Or4 m3 year-* , which indicates that Q hardly depends on k. Although we cannot get the final true solutions from the above conditions unless Q or k is fixed, Q can be estimated approximately if k is large enough for the surface concentrations of CFCs to be saturated rapidly. Assuming this to be so, we obtained Q approximately as shown in Fig. 8 . Q obtained here was estimated to be 6.2-8.6 x 1014 m3 year-', or an averaged value of 7.6 x lOI m3 year-'. This value for Q was equal to 24 f 4 Sv.
Furthermore, applying Henry's law constants of CFCs under our model's condition based on Warner and Weiss (1985b) , to the equations of Liss and Slater (1974) for k, we find k to be 990 m year-' for CFC-11 and 1050 m year-' for CFC-12. By introducing these values into Fig. 8 , Q was estimated to be close to the above result.
These values of Q indicate that the mean residence time of NPIW in the intermediate reservoir and that in the North Pacific below the surface are 14-19 and 170-230 years, respectively. Van Scoy et al. (1991) estimated the residence time of NPIW in the subpolar region to be 14-20 years near 26.8 oa comparing the tritium data of the 1973-1974 GEOSECS with those of the 1985 Long Line Expedition. Our estimate of mean residence time of NPIW in the intermediate reservoir is close to their result. We, therefore, concluded that the production rate of NPIW during the last five decades was 24 + 4 Sv. This paper has demonstrated the water column inventory distributions of CFCs in the North Pacific and the production rate of NPIW during the last five decades based on the total amounts of CFCs. It is necessary to study the production rate of NPIW in more detail '6 8 Q(1014m3 yi') 10 12
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Fig. 8. Production rates of NPIW obtained from the relations between k and Q. By assuming k to be large enough due to their surface concentration to be saturated rapidly, the final solution for Q was estimated to be 24_+4 Sv. Applying Henry's law constants of CFCs under our model's condition (Warner and Weiss, 1985a,b) to the equations of Liss and Slater (1974) about k, we also can get k to be 990 m year-' for CFC-11 and 1050 m year-' for CFC-12. By introducing these values into this figure, Q was estimated to be 20-28 Sv, which was consistent with the above result.
in future, using multiple chemical tracers, because the number of sampling points is still insufficient. Our predictions of total amounts of CFCs in all of the North Pacific may have errors of more than 15%, which results in an overall error of more than 20% for the production rate of NPIW. An interpolation method for CFCs based on salinity and potential temperature on each isopycnal horizon may be good also for the prediction of water column inventories and total amounts of CFCs. It would be useful to predict penetration depths or concentrations of CFCs on each isopycnal horizon in all the North Pacific. Unfortunately, the number of sampling points is still insufficient, which would result in larger uncertainties in the water column inventories due to vertical integration of predicted concentrations with larger errors on each isopycnal horizon. Therefore, in this study, it is difficult to estimate the total amounts of CFCs based on salinity and potential temperature on each isopycnal horizon. Our box model for the North Pacific may be also insufficient to estimate the production rate of NPIW in more detail due to neglect of diffusion. However, our estimate for the production rate of NPIW does give important information about the behavior of intermediate water in the North Pacific during the last five decades.
